helices, forming a six-helix bundle around the dimer interface. The curvature of the dimer is partly due to the way the monomers intersect and partly due to the kinks in helices 2 and 3. The interface between the monomers is largely hydrophobic (see dimer contacts, black oval symbols in Fig. 1E ). By analytical ultracentrifugation, the K d of the dimer was 6 M ( fig. S1 ), which may mean that the protein is found as a monomer:dimer equilibrium in vivo. The Nterminus is disordered before residue 26, and the C-terminus is disordered beyond residue 242. The BAR domain, as defined by the crystal structure, spans residues 35 to 240, and it is this region that is homologous in the diverse protein families that we discuss below. The N-terminal unstructured residues are predicted to form an amphipathic helix, and we refer to the amphipathic helix plus the BAR as an N-BAR. On lipid binding, the helical content of the N-BAR domain of amphiphysin increased, as shown by circular dichroism spectroscopy ( fig. S2B ), which suggested that the N-terminus folded into an extra helix. This increase in helical content is not seen when residues 1 to 26 are deleted. Endophilin also has an N-BAR domain, as has nadrin (also called RICH; fig. S2A ), a neuron-specific guanosine triphosphatase (GTPase)-activating protein involved in regulated exocytosis (19, 20) .
The positively charged loop between helices 2 and 3 found at the extreme ends of the dimer is flexible and poorly ordered (residues 158 to 165 in dAmph) and is the location of a splice variant in mammalian amphiphysin2 (residues 173 to 205 in Fig. 1E ). The concave surface of the dimer also has several positively charged patches (Fig. 1, B and D) , which suggests that this is the surface that interacts with phospholipid membranes. This would fit a curved membrane with a diameter of ϳ220 Å.
Lipid binding and membrane bending are coupled. Drosophila amphiphysin binds and tubulates liposomes in vitro, and in vivo, this N-BAR protein is essential for the formation and stability of the muscle T-tubule network (7) . To test if this tubulating ability is due to the Drosophila amphiphysin BAR domain, we mutated pairs of basic residues to glutamates, Lys 161 ϩ Lys 163 on the disordered loop between helices 2 and 3 (mut1) and Lys 137 ϩ Arg 140 on the concave face (mut2). Neither of these mutations interfered with the structure, and both double-mutants reduced the binding to liposomes; the quadruple-mutant (mut3) was more effective (Fig. 2A) . These mutants also effectively inhibited the tubulation of liposomes as assessed by electron microscopy (Fig. 2B) . At higher concentrations, the double-mutants showed some tubulation, whereas the quadruple-mutant did not. The tubulating activity of wild-type N-BAR is concentration-dependent (Fig. 2C) . At low concentrations, small buds that look like "panhandles" on liposomes were observed (21) . At intermediate concentrations, tubules predominated, and at still higher concentrations, the liposomes vesiculated. Thus the N-BAR domain is capable of introducing threedimensional curvature.
Equivalent double mutations were also made in mammalian amphiphysins 1 and 2 of lysine residues in the loop between helices 2 and 3, which correspond to mut1 in Drosophila amphiphysin N-BAR. These double-mutants reduced liposome binding (Fig. 2D) , and liposome tubulation was severely inhibited (Fig. 2E) .
The amphipathic helix at the N-terminus of the BAR domain is important but not essential for tubulation. Deletion of residues 1 to 26 of Drosophila amphiphysin or residues 1 to 27 in mammalian amphiphysin1, or mutation of Phe 9 to glutamate, reduced liposome binding as expected (16) , but these proteins still tubulated at high concentrations (Fig. 2, B and E). The folding of this helix could aid tubulation by direct interaction with the membrane and/or by protein-protein interactions between dimers, but we cannot distinguish these mechanisms at present.
The amphiphysin1 N-BAR also tubulated membranes when overexpressed in COS cells (Fig. 2F and fig. S3A ). Some of these tubules emanated from the plasma membrane and were accessible to the membrane fluorescent dye FM2-10. Mut1 was also effective in vivo to prevent membrane association and tubulation (Fig. 2F) . Overexpression of the N-BAR domain from the leukemia-associated antigen BRAP1/Bin2 (22, 23) also resulted in tubular structures in cells, whereas mutations analogous to mut1 blocked this effect ( fig. S3B) .
As a functional test of the amphiphysin BAR domain, we tested the ability of amphiphysin2 to recruit clathrin to membranes. Mammalian amphiphysin2 has several clathrin-binding sites (24) (25) (26) , and we found that the wild-type, but not mut1, efficiently recruited clathrin to liposomes ( fig. S4A ). Furthermore, we found that amphiphysin2 was able to polymerize clathrin into invaginated lattices on a lipid monolayer, whereas mut1 amphiphysin2 was only able to form clathrin cages in solution ( fig. S4B ). Thus, amphiphysin is like AP180 (27) in its ability to recruit and polymerize clathrin into uniform patches/caps, and this depends on a functional BAR domain.
Arfaptin2 has a BAR domain. The structure of the amphiphysin BAR is very similar to the C-terminal domain of arfaptin2 (28) ( Fig. 3A and fig. S5 ), despite very weak sequence homology (Fig. 1E ). Both are banana-shaped helix bundles with positive charge density at the extremities and on the concave surface. Arfaptin (also called POR1) has been shown to bind to the GTP-binding proteins (G proteins) Arf, Arl, and Rac (28) (29) (30) (31) , but the similarity to amphiphysin suggested to us that arfaptins may bind to membranes independently of small G proteins. Wild-type full-length arfaptin2 (hereafter, arfaptin) bound more effectively to liver liposomes than to brain liposomes or synthetic liposomes containing phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ] (Fig. 3B) . On nitrocellulose membranes, arfaptin bound the phosphatidyl inositol phosphates PtdIns(4)P and PtdIns(3)P (32), and in vivo at low levels of overexpression, the protein had a perinuclear distribution like that of endogenous arfaptin (Fig. 3D ) and colocalized with the trans-Golgi marker TGN46 (fig. S6 ). In vitro, arfaptin tubulated liver liposomes (Fig.  3C ), but not brain liposomes, and lipid binding was more effective for the full-length protein than for either the BAR or N-terminal domains alone (Fig. 3B) . Mutation of the positive charges on the concave face of the BAR domain ( fig. S5 ) prevented the tubulation in vitro and TGN association in vivo (Fig. 3, C and D, and fig. S6 ). We predict from the structure of the arfaptin-Rac complex (28) that these mutations will have no effect on G-protein binding. This possible crosstalk has not been investigated further, but we note that other BAR proteins discussed below are also predicted to bind to small G proteins. In solution, arfaptin was a dimer with K d of 15 M (33). We conclude that the C-terminal domain of arfaptin is a BAR domain: a dimerization, membrane-binding, and (at least in vitro) bending module.
BAR domains found in other proteins. We searched the sequence database for the presence of BAR domains in other proteins (for some examples, see Fig. 4 ), and discovered BARs in many different contexts. Some BAR proteins have additional lipid interactions through adjacent pleckstrin homology (PH) or phox homology (PX) domains. Often BAR domains are combined with GEF (guanine nucleotide exchange factor) and GAP (GTP hydrolysis-activating protein) domains, which regulate the activity of small GTPases. A subgroup of proteins (N-BAR proteins) has an N-terminal amphipathic helix similar to the amphiphysins (see also fig. S2A ). Another class of BAR proteins that we have not investigated further are proteins like PICK1 and ICA69 (34) . For many of these proteins, this prediction of a BAR domain is the first, to our knowledge (Fig.  1E) . We now confirm this for arfaptin2, nadrin2, centaurin␤2, and oligophrenin1.
As predicted, the N-BAR of nadrin2 (see fig.  S2A ) binds very well to both synthetic PtdIns(4,5)P 2 liposomes and brain liposomes, which it tubulates efficiently (Fig. 4, B and C) . By velocity centrifugation, the protein is a dimer (33) .
␤ Centaurins are proposed to modulate vesicular trafficking and actin rearrangements (35) (36) (37) and have more distantly related BAR domains adjacent to PH domains. Centaurins ␤1/ACAP1, ␤2/ACAP2, ␤3/Pap␣, ␤4/ASAP1/ Ddef1, and ␤5 all have N-terminal BAR domains (Fig. 4A) . The BAR ϩ PH domain of centaurin␤2 was a dimer [K d 5 M, (33)], and it bound and tubulated liposomes (Fig. 4 , B and C) (38) . The PH domain bound to liposomes but did not tubulate them, whereas the BAR domain alone showed only weak binding (Fig.  4, B and C) . In vivo overexpression of the BAR ϩ PH domain also led to membrane tubulation (Fig. 4D ) and affected transferrin trafficking (although not endocytosis from the plasma membrane, fig. S3C ), whereas mutation of Lys 124 and Lys 125 to glutamates completely prevented the tubulation and trafficking defect.
Oligophrenin1 is an F-actin-binding protein in which mutations are associated with X-linked mental retardation (39, 40) . Other members of the oligophrenin family include GRAF and PSGAP (41, 42) , which have BARs and a similar domain structure. Like centaurin␤2, the oligophrenin BAR ϩ PH domain tubulated liposomes (Fig. 4C) (38) .
BAR domains as sensors of curvature. We predicted that the curved BAR domain may bind more tightly to curved than to flat membranes. A protein will curve membranes if the difference in the energy of binding to curved versus flat membranes is greater than the energy required for membrane deformation. If the difference in binding energies is insufficient for deformation, a protein may still prefer preexisting curved membranes, that is, it may sense curvature. We would expect the curved BAR domain to recognize curved membranes, even for examples such as oligophrenin and centaurin␤2, which tubulated inefficiently. We tested this using liposomes of different intrinsic curvatures (Fig. 5A) . Oligophrenin and centaurin BAR ϩ PH proteins were sensitive to the vesicle size and, thus, to the extent of curvature (Fig. 5B ). This curvature-sensing effect was seen with the centaurin BAR domain alone (despite the weak interaction with liposomes) and was not seen for the PTB domain from Dab2 (43) , which serves as a control for the available binding surface of the different liposomes. In contrast, proteins that tubulated efficiently, such as the epsin1 ENTH domain (44), arfaptin, and the amphiphysin and nadrin N-BARs, all bound independently of liposome curvature [ Fig. 5C and (32)]. Deletion of the amphipathic helix from amphiphysin (changing the N-BAR to a simple Coomassie-stained gels of sedimentation assays with synthetic liposomes containing 10% PtdIns(4,5)P 2 , liposomes made from total brain lipids, or no liposomes. Mut1 has the glutamate substitutions K161E ϩ K163E; mut2 has K137E ϩ R140E; mut3 is mut1 and mut2 combined; 27-244 is the BAR alone. Wt, wild-type; P, pellet; and S, supernatant. (B) Electron micrographs of brain liposomes incubated with the indicated proteins at 5 M concentration unless otherwise indicated. Some liposomes exhibit buds, which may be the beginnings of tubes (arrow). Scale bar of 300 nm applies to all micrographs except (C) and (F). (C) Striations are visible at higher magnification [see also (12) ]. The outer diameter of this negatively stained tubule is 46 Ϯ 2 nm. Scale bar, 300 nm. (D) Liposome sedimentation assays with brain lipids as in (A). Mut1 has the glutamate substitutions K159E ϩ K161E in amphiphysin1 and K164E ϩ K166E in amphiphysin2. P, pellet; and S, supernatant. (E) Electron micrographs of brain liposomes incubated with wild-type (wt) and mutant rat amphiphysin1 and 2. (F) COS-7 cells overexpressing rat amphiphysin1 wild-type and mut1. Scale bar, 20 m. Fig. 1 (A and B) . Higherresolution images and an overlay with the Drosophila amphiphysin BAR can be seen in fig. S5 . (B) Sedimentation assays with wild-type (wt) and mutant full-length arfaptins, the arfaptin BAR alone, and the arfaptin N-terminus (N117) using liposomes made from total brain lipids or total liver lipids. P, pellet; S, supernatant. BAR) reduced the overall binding, but it was now sensitive to curvature (45) . Thus, the most general function of the BAR alone is to sense curvature.
In vesicles coated with coat protein complex I (COPI) or clathrin/AP1, Arf-GTP is important in coat recruitment and invagination. Our observations now provide a possible explanation for how GTP hydrolysis of Arfs, which in COPI-coated vesicles is known as the trigger for uncoating (46) , can be sensitive to the extent of invagination of the coated vesicle. Many Arf-GAP proteins (only some of which are mentioned in Fig. 4 ) have BAR domains, and therefore, it is likely that the uncoating event triggered by GTP hydrolysis will only occur when the correct membrane curvature is sensed by the BAR. It is interesting to note that the structure of the COPII prebudding complex (47) , composed of the Sec23/24 GAP and the Sar1 GTPase, is also concave on the membrane-interacting face.
None of the BAR domains we tested have strong lipid specificities (48) , but a neighboring PH or PX domain could confer this. The PH or PX domains could target a protein to a specific membrane compartment, while the BAR simultaneously detects membrane curvature; thus, together they may act as a coincidence detector. Our experiments with centaurin␤2 show that both the PH domain and a wild-type BAR domain were required for binding to curved membranes in cells. The BAR ϩ PH domain was localized to membrane tubules (Fig. 4D) , but mutations in the lipid-binding surface of the BAR domain or the PH domain or deletion of either domain resulted in a cytoplasmic distribution. The ability to coselect the lipid composition and curvature in proteins like the centaurins, sorting nexins, and oligophrenins allows the cell to localize binding partners precisely to membrane subdomains. It would also allow GAP activities of centaurins and oligophrenins to be restricted to specific regions on organelles. It has been previously noted that the in vivo GAP activity of oligophrenin is regulated by the Nterminus, which is the BAR domain (39) .
The BAR domain is a dimerization, membrane-binding, and curvature-sensing module, which is found across genomes and in many different protein contexts. Although dimerizing domains and lipid-binding domains are common in proteins, the ability of the BAR to sense curvature suggests another mechanism for the spatial and temporal compartmentalization of proteins to specific membrane domains. . We tested the presence of BAR domains in some of these proteins in this paper. Some proteins have very strong homology [Tuba (54) and sorting nexins]; others have weaker homology (pacsins and ICA69 with its extended ␣-helical domain), and there are many others that can be found using BLAST. Protein accession numbers for human (or mouse, for ASAP1) examples in each family are in parentheses. Ticks are every 100 amino acids. Domain descriptions: N-BAR, BAR with an N-terminal amphipathic helix; SH3, binds proline-rich sequences; CLAP, binds clathrin/adaptor proteins; NPF, binds Eps15 homology domains; FCH, Fes/CIP4 homology; PH and PX, phosphoinositide-binding domains; SNX, sorting nexin domain; RhoGAP, GTPase-activating region for Rho GTPases; RhoGEF, guanine nucleotide exchange factor for Rho GTPases; ArfGAP, GTPase-activating region for Arf GTPases; and ankyrin and PDZ, protein-protein interaction domains. 
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